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Laser remote sensing represents a powerful tool that en-
ables the accurate measurement of the speed of mov-
ing targets. Crucially, most sensing techniques are 2-
Dimensional and only enable direct determination of
the speed along the line of sight. A disadvantage that
is very often overcome using two-dimensional tech-
niques that in many cases are hard to implement and
expensive. Here we put forward a novel 3-Dimensional
technique that enables the direct and simultaneous
measurement of both, the speed and the spin rate of
cooperative targets. This technique is based on the
use of complex vector light beams, whose polariza-
tion and spatial degree of freedom are coupled in a
non-separable way. We present experimental evidence
of our technique by performing a laboratory proof-of-
principle experiment. © 2019 Optical Society of America
http://dx.doi.org/10.1364/ao.XX.XXXXXX
The ability to measure the in situ velocity and spin rate of targets
simultaneously is of great relevance in a wide variety of remote
sensing applications such as, space docking, medicine, biology
or fluid dynamics, to mention just a few [1–4]. In general, this 3D-
type of motion can be decomposed into two orthogonal motions,
one along the line of sight and another in the perpendicular
plane. Hence, we can compute each velocity component along
each orthogonal direction. Nevertheless, simultaneous measure-
ment of both velocity components is rather cumbersome. Most
common techniques rely on indirect two-dimensional measur-
ing schemes, which very often are hard to implement and, in
some cases, require extensive post-processing numerical compu-
tations [5–10]. This is the case of laser remote sensing, a mature
technique which has been developed into compact comercial
devices. Most, laser remote sensors are based on the classical
non-relativistic Doppler effect, which only allows direct deter-
mination of the velocity component along the line of sight [11].
The transverse component, however, is commonly measured
either by using complicated multiple-laser sensing techniques
or 3D dynamic imaging systems, which leads to complex and
expensive system designs, especially for aerospace applications.
Of great relevance in recent time, was the proposal of a novel
technique capable to measure the spin rate using a single laser
[12]. This technique relies on the use of beams with a transverse
structured phase, which nowadays can be tailored in a wide
variety of ways, for example using modern computer-controlled
devices, such as Spatial Light Modulators (SLM) [13]. The exper-
imental demonstration of this technique was achieved shortly
after its proposal, which even found its way into fluid dynamics
by providing with a novel technique to measure directly the
vorticity in fluids [14–18]. A step further was given with the
demonstration of a technique capable to measure the two ve-
locity components involved in a 3D helical motion [19]. This
technique required the sequential interrogation of the target with
two linearly polarized scalar beams, a Gaussian and a helically-
twisted vortex beam, to determine the longitudinal and trans-
verse velocity components, respectively. However, the main
drawback of this technique is that it can only determine one
velocity component at the time, a disadvantage for applications
that involve fast movement of the target.
In this work we put forward a novel technique capable to
measure in situ and simultaneously both, the velocity and spin
rate of a cooperative target, using a single interrogating beam.
For this, we take advantage of so-called vector beams, classically-
entangled in their polarization and spatial degrees of freedom
(DoF). Vector beams have become topical in recent time due
to their unique properties, which have found applications in a
wide variety of research fields [20–26]. In essence, our technique
consists on striking the target with a properly engineered vec-
tor beam and use the spatial DoF, encoded on two orthogonal
polarizations, to acquire the longitudinal speed and spin rate
simultaneously. Hence, under the assumption that the light scat-
tered back from the target preserves its helicity, which is true for
scatters that are large with respect to the wavelength [27], the
information stored in each polarization can be unambiguously
separated upon detection, for example by interferometric means.
To illustrate our technique, we simulated the motion of the coop-
erative target with a rotor mounted on a translation stage. Fur-
thermore, the spatial DoF of the vector beam was generated with
an SLM and consisted of a Gaussian and a petal-like structure en-
coded on left and right circular polarization, respectively. In this
way, the Gaussian beam interrogates the target for its longitudi-
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Fig. 1. Cylindrical vector beams with topological charges: (a)
`1 = 1 and `2 = 0; in (b) `1 = −2 and `2 = −1; in (c) `1 = 1
and `2 = −2; in (d) `1 = 5 and `2 = 0. Here, right elliptical po-
larization is represented with red color, whereas left elliptical
polarization with blue. (e) Schematic representation of a coop-
erative target being interrogated with a vector beam generated
by the remote laser system
nal velocity while the petal-like beam for its spin rate. Crucially,
even though in this proof-of-concept we used an SLM to gener-
ate the required vector beams, there are several other methods,
which can be compact and cheap, such as liquid crystal-based
(q-plates) or nanomaterial structures (J-plates)[28, 29]. Hence,
our technique can be incorporated into existing laser remote
sensors with minor modifications and mass-produced at very
low costs.
Vector beams are commonly generated as non-separable su-
perposition of the spatial and polarization degrees of freedom
of light. In a cylindrical coordinate system (ρ, φ) they can be
expressed as [30],
U(ρ, φ) = e−
ρ2
w2
{
A
[
Cei`1φ + De−i`1φ
]
eˆR + Bei`2φ eˆL
}
, (1)
where, eˆR and eˆL are the unitary vectors of the circular polar-
ization basis, w is the half width of the beam, and `, known as
the topological charge, provides the beams with an `h¯ amount
of orbital angular momentum (OAM) per photon, h¯ being the
reduced Plank constant. Further, the coefficients A = cos β and
B = sin β (β ∈ [0,pi/2]), enable a continuous variation from
fully scalar (β = 0,pi/2) to fully vector (β = pi/4). More over,
the terms C = cos θ and D = sin θ (θ ∈ [0,pi]), enables to vary
the spatial shape of the right circular polarization term, from a
single vortex to a superposition of two vortex beams with op-
posite topological charges. Equation 1 gives rise to an infinite
set of vector modes with very diverse polarization and spatial
distributions, as shown in Fig. 1. Here, right and left elliptical
polarization are represented by red and blue ellipses, respec-
tively. The case θ = 0, β = pi/4, which is the most commonly
represented in literature, is shown in Fig. 1(a) - (c) for the case
`1 = 1, `2 = 0; `1 = −2, `2 = −1 and `1 = 1, `2 = −2, respec-
tively. Figure 1(d) shows the case θ = pi/4, `1 = 5 and `2 = 0
featuring a flower-like intensity shape.
In order to determine simultaneously both orthogonal speeds,
longitudinal and spin rate, let’s recall first that in general, the
transverse component can be determined directly by employing
a structured light beam with a transverse profile Φ(r⊥) accord-
ing to [12],
∆ f⊥ =
1
2pi
∇⊥Φ ·V(r⊥). (2)
Here, V(r⊥) and ∇⊥ represent the velocity and gradient oper-
ator, respectively, along the transverse plane. In principle, the
transverse structured phaseΦ(r⊥) can take any profile but previ-
ous knowledge of the target’s trajectory enables the appropriate
engineering of the same for a further simplification. For exam-
ple, in the presence of a rotational motion with constant angular
velocityΩ, the prove beam can be engineered with a phase of the
formΦ = ϕ`, with ` 6= 0, to simplify Eq. 2 to ∆ f⊥ = `Ω/2pi [14].
Notice that for the same value of Ω, ∆ f⊥ increases proportional
to the topological charge ±`. The frequency shift ∆ f⊥ can be
measured interferometrically by combining the back-scattered
light with a reference beam, from which the rotational speed Ω
can be e extracted [14].
In our present case, we can use a cylindrical coordinate sys-
tem to uncouple the motion of the target into two independent
motions, a translation along the line of sight, and a rotation
along the transverse plane, as illustrated in Fig. 1(e). If such an
object is illuminated with a vortex beam the back-scattered light
is Doppler shifted according to [12],
∆ f = ∆ f‖ + ∆ f⊥ =
1
2pi
(2kvz + `Ω), (3)
where, k = 2pi/λ is the magnitude of the wave vector. In the
above equation, the first term contains information about the
longitudinal velocity, whereas the second term is related to the
transverse velocity. Notice whoever that this information is
mixed into a single term, making impossible to compute each ve-
locity component independently. One possible way to separate
this information is by sequentially illuminating the target with
a Gaussian beam followed by a vortex beam exp(i`φ) [19]. In
this way, under Gaussian illumination only the first term of Eq.
3 is present, whereas, under structured illumination both terms
add together into a single frequency shift. From these informa-
tion, both velocity components can be indirectly determined as
∆ f⊥ = ∆ f − ∆ f‖.
Here we propose a novel approach that enables to determine
simultaneously and using a single beam of both, the longitudinal
velocity and the rotational rate. For this, we illuminate the target
with a vector beam of the form,
U(ρ, φ) = e−
ρ2
w2
{
1√
2
A
[
ei`φ + e−i`φ
]
eˆR + BeˆL
}
, (4)
whose intensity and polarization distribution is shown in Fig.
1(d), for which, θ = pi/4, `2 = 0 and `1 = `. The first term is a
superposition of two vortex beams carrying opposite topological
charges, which enables direct determination of the rotational
speed, without the need of interfering it with a reference beam
[15]. In order to extract the longitudinal velocity component
the light scattered back from the target is interfered with a left
circularly polarized reference beam. In this way, the reference
wave will only interfere with the second term in Eq. 4, giving
rise to the usual longitudinal Doppler shift, leaving the first
term unaffected. Hence, our approach enables two separate
both terms in Eq. 5 into to independent terms,
∆ f = ∆ f⊥ eˆR + ∆ f‖ eˆL =
1
2pi
(2`ΩeˆR + 2kvz eˆL), (5)
encoded in two orthogonal polarization components.
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Fig. 2. Schematic representation of the implemented experimental setup. SLM: Spatial Light Modulator, HWP: Half Wave-Plate, BS:
Beam Splitter, QWP: Quarter Wave-Plate, Pol: Linear Polarizer, CCD: Charge-Coupled Device camera, PD: Photodiode, M:Mirror,
DO: Digital Oscilloscope.
To demonstrate our technique experimentally, we imple-
mented the setup illustrated schematically in Fig.2, divided
in three sections: generation, characterization and measure-
ment. The required vector beams were generated on-axis using
a Spatial Light Modulator (SLM), by taking advantage of their
polarization dependency [20]. For this, a linearly polarized
Gaussian laser beam (λ = 532nm) is passed through a Half
Wave-Plate (HWP), to vary its polarization direction, and di-
rected afterwards to the SLM (Holoeye Pluto 1920x1080, 8 µm
pixel size), using a Beam Splitter (BS1). The SLM is addressed
with a superposition hologram encoding two vortex beams with
opposite topological charges. To transform the generated beam
into the circular polarization basis, a Quarter Wave-Plate (QWP1)
is added along the path of the beam. A second beam splitter
(BS2), placed after the QWP (see Characterization), enables the
characterization of the vector beams, prior to their use in the
main experiment. Here, the polarization distribution of the vec-
tor beam is reconstructed using Stokes polarimetry, for which
a series of six intensity measurements were recorded using a
linear polarizer (LP) and a QWP (QWP2). Finally, the beam is
directed to the measuring section, where a third beam splitter
(BS3) is placed to split the beam into a reference and a prove
beam. The reference beam is generated using a Michelson config-
uration (See Measurement), where a judicious combination of a
QWP, a HWP and a LP enable the removal of the right circular
polarization component. The back scattered light is recombined
with the reference beam using BS3 and focused, using a lens of
focal length f = 30 mm, onto a photodiode (PD) connected to a
Digital Oscilloscope (DO) that enables the recording of a period
of the beating intensity signal. The acquired signal is filtered
to remove unwanted noise and Fourier transformed to find its
frequency content. The required motion of the target was gener-
ated using a rotor mounted on a translation stage. Moreover, to
enhance the intensity of the back-scattered light, the target was
covered with a retro-reflective painting. It is worth mentioning
that all the acquisition process was automated to measure in real
time the velocity components of the target.
The polarization distribution of the vector beams was recon-
structed via Stokes polarimetry. For this, a series of six intensity
measurements were recorded, from which the four Stokes pa-
rameters defined as,
S0 = IH + IV , S1 = IH − IV ,
S2 = ID − IA, S3 = IR − IL,
(6)
were computed. Here, IH , IV , ID, IA, IL and IR represent the hor-
izontal, vertical, diagonal, antidiagonal, left circular and right
circular, intensity components of the vector beam, respectively.
These required intensities were obtained using a LP, in combi-
nation with a QWP and recorded with a CCD camera. Figure 3
shows an example of such measurements, whereby the Stokes
parameters S1, S2 and S3 are shown in Fig. 3(a)-(c) respectively,
which were used to reconstruct the the vector beam shown in
Fig. 3 (d).
As a first step to demonstrate our technique, we calibrated
both, the translation stage and the rotor. Figure 4(a) and 4(b)
show the frequency spectrum of the target under pure longi-
tudinal and rotational motion, respectively. In both cases the
target was interrogated with a vector beam of topological charge
` = ±5. First, under pure longitudinal motion the frequency
spectrum features a peak at ∆ f‖ = 493Hz, which according
to Eq. 5, corresponds to the linear speed v = 131.14µm/s. In
comparison to a rotational motion, which gives rise to a fre-
quency peak ∆ f⊥ = 597Hz, that according to Eq. 5 yields a
rotational speed Ω = 375.11 rad/s. Our main results are pre-
sented in Fig. 4(c) and 4(d), where we show two examples
of the measured frequency spectrum of the target under both,
translation and rotation, clearly evincing the presence of two
frequency peaks. Figure 4(c) shows the frequency spectrum
for the case case ` = ±3, featuring two peaks at ∆ f‖ = 491Hz
and ∆ f⊥ = 358Hz, which correspond to v = 130.61µm/s and
Ω = 374.90rad/s, respectively. Moreover, in Fig. 4(d) we show
the frequency spectrum for the case ` = ±5, for which we get to
frequency peaks at ∆ f‖ = 483Hz and ∆ f⊥ = 597Hz, from which
we get v = 128.48µm/s and Ω = 375.11rad/s, respectively.
It is easy to imagine the highly probable scenario in which,
both motions can produce overlapped or very close frequency
peaks. Figure 5 is an experimental example of such case, where
the linear and angular speeds correspond to v = 134µm/s and
Fig. 3. Experimental reconstruction of the polarization distri-
bution of one of the employed vector beams. (a) to (c) corre-
sponds to the Stokes parameters S1, S2 and S3, respectively. (d)
Reconstructed polarization distribution of the vector beam,
overlapped with its intensity distribution.
Letter Optics Letters 4
Fig. 4. Frequency spectrum obtained for a target moving with:
(a) pure translation under Gaussian illumination,(b) pure rota-
tion under structured illumination and helical motion under
vector beam illumination for (c) ` = ±3 and (d) ` = ±5
Ω = 371rad/s, respectively, which results in the frequencies,
∆ f‖ = 504Hz and ∆ f⊥ = 591Hz, respectively. This might seem
a drawback of our technique, however, we still have one degree
of freedom that plays in our favor, the topological charge of the
superposition beam.
Figure 6 shows a theoretical plot of the frequency shift
(horizontal axis) as function of the longitudinal velocity (left
vertical axis) compared to the angular velocity for the cases
` = ±5,±4,±3,±2,±1 (right vertical axis). This plot illustrates
that for certain longitudinal velocities, the frequency peak will
be the same as for rotational velocities measured with certain val-
ues of `, as indicated by the red circles. Take for example the case
of a target whose linear and angular velocity are v ∼ 62µm/s
and Ω ∼ 147rad/s, it is easy to show, using Eq. 5, that the
longitudinal frequency peak will be at ∆ f‖ ∼ 235Hz. If this
target is illuminated with a vector beam, for which ` = ±5, the
measured frequency peak will be very similar. Hence, we would
not be able to measure both velocity components, nevertheless,
we can always change the topological charge, lets say to ` = ±2
which will produce the frequency ∆ f⊥ ∼ 93Hz, which now is
far away from the longitudinal frequency shift. Hence in the
worse case scenario, where both velocity components give rise
to a similar frequency peak, a simple change of the topological
charge will allow the rotational frequency shift to move away
Fig. 5. Example of a frequency spectrum where the both de-
tected peaks are very close to each other.
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Fig. 6. Frequency shift (horizontal axis) as function of the lin-
ear velocity (left vertical axis) and angular velocity (right ver-
tical axis) illustrating that certain combinations of linear and
angular will yield the same frequency peak (red circles) for
given ` values.
from the longitudinal one.
In short, we have proposed a novel technique that enables
the simultaneous determination of both, the longitudinal ve-
locity and rotation rate of cooperative targets. This technique
relies on the use of vector beams formed by the non-separable
superposition of the spatial and polarization degree of freedom.
In this way, while one spatial degree of freedom inquires the
target about its longitudinal velocity, the other inquires it about
its rotation rate. Given that each spatial shape is encoded on
two orthogonal polarizations, each velocity information can be
unambiguously measured upon detection. For this, the assump-
tion that back-scattered light preserves its helicity is crucial, an
assumption that requires the size of the scatters to be larger
with respect to the wavelength of the interrogating beam. Even
though here we only presented a proof-of-principle experiment
where an SLM was used to generate the required vector beam,
there exist other means to generate vector beams, which can be
both, compact and inexpensive. Hence, our technique can be
easily incorporated into existing laser remote devices, which
at the moment can only measure the longitudinal velocity, to
produce a device with the capability to measure also the rotation
or spin rate of remote targets.
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